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Abstract 
Polar cold air mass (PCAM) is one of the fundamental components in the extratropical troposphere. 
It covers a large part of the extratropics in the winter hemisphere, and its latitudinal extent 
influences daily weather in the mid-latitudes. Intermittent outflows of PCAM are known as cold air 
outbreaks (CAOs) or cold surges. They dominate the climate variability in the winter extratropics 
and sometimes cause serious damages for populated regions in the mid-latitudes. Despite their 
importance in the climate system, quantitative understanding of PCAM and CAO has not been 
achieved yet. The goal of this thesis is to quantify the climatological and variational characteristics 
of PCAM and CAO. For this purpose, I use an isentropic analysis method, which defines PCAM as 
the atmosphere below a designated potential temperature. A strong advantage of this method is 
that the PCAM is conserved under adiabatic conditions. In addition, the method distinguishes a 
diabatic generation/loss process from an adiabatic advection process. To estimate a total 
hemispheric PCAM amount, I introduce a zonal-mean two-box model. This model separates the 
total hemispheric PCAM amount into high- and mid-latitude boxes and represents a hemispheric 
PCAM flux from the former to the latter. 
The climatological and variational characteristics of the PCAM and CAO are presented in five 
chapters. The first chapter discusses the climatological characteristics of the PCAM amount based 
on the zonal-mean two-box model. From the analysis of JRA-55 reanalysis dataset, I show that the 
total hemispheric PCAM amount below the designated potential temperature of 280 K in the 
Northern Hemispheric winter is larger than that in the Southern Hemispheric winter by 40%. 
However, the hemispheric PCAM fluxes of the two winters are of approximately the same 
magnitude. The difference in the total hemispheric PCAM amount is attributed to the difference in 
time constant of the high-latitude box, called the residence time. The difference in the residence 
time is interpreted as the differences in land-sea contrast and mid-latitudinal orography between 
the two hemispheres.  
The second chapter addresses the intraseasonal and interannual variabilities of the PCAM 
amount. I show that the zonal-mean two-box model well expresses an idealized charge-discharge 
concept of PCAM. A lagged-regression analysis against the hemispheric PCAM flux shows that the 
time scale of hemispheric CAO events is typically 5 days. In the high-latitude box, the PCAM 
amount gradually increases before CAO events, and then it drastically decreases due to CAO events. 
After CAO events, it takes about 20 days for the PCAM amount in the high-latitude box to recover 
to the normal level. In the mid-latitude box, on the other hand, the PCAM temporally increases 
after CAO events, but it returns to the normal level in a few days. Because about 90% of the PCAM 
amount is in the high-latitude box, the total hemispheric PCAM amount follows a similar time 
evolution as that in the high-latitude box except for the timing of reduction. This charge-discharge 
relationship is applicable to the interannual variability of the PCAM amount. The January mean 
total hemispheric PCAM amount decreases with increasing January mean hemispheric PCAM flux. 
The third chapter presents the interannual variability of the North American stream and 
associated synoptic circulations. The North American stream is one of the major cold air streams in 
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the boreal winter. A metric of the intensity of the North American stream is the meridional PCAM 
flux integrated across 60°N between 50°W and 130°W. The first and second Empirical Orthogonal 
Function (EOF) modes of the meridional PCAM flux at this location represent the variation in 
intensity and the longitudinal shift of the North American stream, respectively. When the first EOF 
mode is highly positive, the central part of the North American stream is intensified, with cold 
anomalies east of the Rocky Mountains. When the second EOF mode is highly positive (negative), 
the North American stream tends to shift to the east (west), which results in a cold anomaly over 
the northeastern Canada (from western Canada to the Midwestern United States with anomalous 
heavy snowfall in the northeastern United States). The first and second EOF modes are highly 
correlated with the Tropical Northern Hemisphere pattern and the Arctic Oscillation, respectively, 
indicating that these teleconnections largely affect the climate variability in the North American 
winter through modulating the intensity and location of the North American stream. 
As a long-term variation, the fourth chapter discusses the historical trends of the PCAM 
amount and PCAM flux with several atmospheric reanalysis datasets. I demonstrate that the total 
hemispheric PCAM amount has significantly decreased since 1959 in the Northern Hemispheric 
winter, whereas a change in the hemispheric PCAM flux is not statistically significant. An 
insignificant trend in the hemispheric PCAM flux is attributed to its large internal variability. 
These results agree well among reanalysis datasets. Spatial patterns of the PCAM trends are 
distinct between the periods 1959-2012 and 1980-2012, indicating the influences of low-frequency 
atmospheric internal variabilities. In the Southern Hemispheric winter, on the other hand, large 
discrepancies are found between the reanalysis datasets in the linear trends of the total 
hemispheric PCAM amount and hemispheric PCAM flux. In addition, the comparisons of trends 
between JRA-55 and JRA-55C, in which only conventional observational data are assimilated, 
reveal that assimilation of satellite observation data causes artificial trends in the Southern 
Hemisphere. Through this analysis, I show that the total hemispheric PCAM amount is potentially 
a good indicator for the polar climate change. 
The fifth chapter addresses the future changes of the PCAM amount and PCAM flux with five 
climate model outputs from the Coupled Model Intercomparison Project Phase 5 archive. Climate 
model experiments forced with the two distinct Representative Concentration Pathway (RCP) 
scenarios, RCP8.5 and RCP4.5 scenarios, are used. All climate models forced with the two scenarios 
project a large reduction of the total hemispheric PCAM amount in the mid- and late-21st century 
in the Northern and Southern Hemispheric winters. A large inter-model difference in the projected 
changes is attributed to the difference in a global average surface temperature change. In the two 
hemispheric winters, the hemispheric PCAM flux is projected to decrease in the future, and the 
decrease in the mid-21st century is as large as its internal variability. A weakening of the 
equatorward PCAM flux is projected over East Asia, North America, and East Europe, and 
particularly the decrease in East Asia is larger than its internal variability. In addition to the 
seasonal mean hemispheric PCAM flux, changes in the characteristics of CAO events are 
investigated. The intensity of hemispheric and regional CAO events is projected to decrease, despite 
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the insignificant changes in the frequency and duration. The projected decrease in the meridional 
heat transport is confirmed, indicating the weakening of the hemispheric PCAM flux is attributed 
to both dynamical and thermodynamical factors. 
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論文審査の結果の要旨 
 
菅野湧貴は、特定の温位をしきい値とする寒気流出プログラムを開発し、極域の寒気流出
について調べた。温位をしきい値とすれば、高緯度の対流圏下層に局在する寒気質量を特定
することができる。また、寒気の半球総量は断熱保存量であり、その変動は非断熱加熱・冷
却のみで説明され、寒気の生成・輸送・消滅の過程を適切に表現することができる。 
第 2 章では、寒気質量および寒気容量とその水平フラックスを定義し、それぞれについて
保存則を導いた。これらの定式化に基づき、極域の寒気の診断スキームを開発し、世界の主
な再解析および気候モデルの予測結果(7 章)を用いて、極域の寒気について調べた。なお、平
均子午面循環の解析結果から、大気大循環の見地では、およそ温位 280K が寒気のしきい値と
して適当であることを確認した。 
3 章では、まず、地球大気を寒気の生成域と消滅域の二つの緯度領域に分ける 2 ボックスモ
デルを構築した。これを利用して、北半球の寒気総量は南半球より多いこと、その理由は生
成域における寒気の滞留時間が長いためであることを明らかにした。4 章では、北半球の寒気
の蓄積と放出について、季節内変動及び年々変動の視点で調べた。5 章では、北米大陸の寒気
流出とその総観的状況について、経験的直交関数(EOF 解析)を用いて明らかにした。6 章では、
世界の主な再解析を用い、寒気質量、寒気容量、寒気流量について、過去の経年変化を調べ
た。北半球では、寒気質量および寒気容量は明瞭な温暖化シグナルを示したが、寒気流出量
は年々変動が大きく有意なトレンドを確認することはできなかった。他方、南半球は再解析
間の差が大きく、経年変化傾向は明瞭ではなかった。これは観測システムの整備が必要であ
ることを示唆している。7 章では、気候モデルによる将来予測の結果を調べた。北半球の寒気
総量はモデル間の総意が大きいが、減少率はモデル間の相違も小さく整合的であった。寒気
流量については数 10 年後にはその減少が顕在化するという示唆を得た。 
 申請者は以上の成果を国際誌に 4 編の筆頭著者論文として発表したほか、5 編の論文作成に
共著者として参加し、研究者としての実績を積んでいる。 
 以上の研究成果は、申請者が自立して研究活動を行うに必要な高度の研究能力と学識を有
することを示している。したがって，菅野湧貴提出の博士論文は，博士（理学）の学位論文
として合格と認める。 
